INTRODUCTION
This work investigates the thermal stratification phenomena which occurs in horizontal piping with bends during low flow conditions and after the onset of a thermal gradient at the inlet.
Thermal stratification in nuclear power plants was first recognized from the unexpected movements of the piping system in water reactors during shut-down or start-up of plants [1] . This phenomenon was discovered to be responsible for the creation of thermal stresses and cracking within plants, decreasing their lifetime and safety.
Stratified flows introduce a high load of uncertainty in the physical understanding of their behavior due to difficulties in evaluating them during plant operation or through scaled experiments. In this direction therefore, new experiments were performed at the HTR-facility project [2] , [3] employing water as the working fluid. A wide set of experiments was performed for possible transients occurring in LWRs and BWRs, showing the extreme stability of stratification under specific circumstances and pointing out that the layer separating the hot and cold fluid zones is extremely thin compared to the pipe dimension.
The conditions leading to stratification are similar to those occurring in sodium fast reactors (SFRs) in conditions of protected loss of flow; therefore, the same problem was posed in relation to their safety characteristics. Thermal stratification in water and sodium was studied computationally (direct numerical simulation) in [4] for channel geometry and laminar flow. This work points out that, in cases where the temperature plays an important role, the different thermal conductivity between the fluids makes the behavior of the thermal field in fact different and with a consistent effect also on the velocity field. Similarity rules for stratification were developed in [5] analyzing the different behavior of water and sodium in the same facility. This analysis addressed stratification in upper plenum and cannot be easily applied to flows in conduits where higher velocities and wall effects might impact the final considerations.
In this framework, a one-dimensional evaluation was developed [6] to address the influences of the heat transferred from the wall and between the two layers in a fluid flowing in conduits. The evaluation demonstrated that, while the effect of the wall does not greatly affect the evolution of the phenomenon, the introduction of heat transfer between the two layers reduces the persistence of the process and affects its dynamics. Nevertheless, the same author showed that the stratification process is dominated by the hydrodynamic aspect, in particular in the case of low In the present study, CFD is employed to investigate phenomena occurring during a process of thermal stratification in U-bent pipes at transitional Reynolds number. URANS evaluation had been chosen for its low computational costs during transient analysis and for the evaluation of modeling performance in these conditions. Application of CFD at transitional Reynolds number and buoyancy driven flows indeed contains deeper uncertainties in relation to the range of applicability for hydrodynamic and thermal models. The methodology applied in the work points out, through validations with the basic problems constituting the complex stratified phenomenon, the applicability of the current turbulence modeling. Accurate predictions have been found in relation to transitional Reynolds number in bent pipes and region of stability induced by the gravitational field. On the other hand the defects introduced in the unstable region of the U bent pipe, are discussed in relation to the adopted modeling.
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Following this example, several experimental mockups were built for the study of stratification behavior in conditions typical in SFR design through the employment of water as a working fluid. In this work, we focused on the results provided by Viollet [7] , [8] and [9] , whose facility is schematically shown in Fig. 1 .
We chose to focus on this experiment for the following reasons:
1) the geometrical similarities with SFR hot leg (e.g. horizontal piping and upward bend); 2) the analogy of the transient dynamics (temperature increase from the top); 3) low flow conditions; 4) high temperature variation in comparison to the inertial forces. Regarding the last two points, the transient dynamics could be represented by using two non-dimensional numbers, respectively Reynolds (Re) and Froude (Fr) numbers.
It is now clear how the above scheme leads the present evaluation in a zone (transitional Reynolds number and buoyancy driven-flows) which is a priori out of the validity range of the Reynolds average Navier-Stokes (RANS) analysis.
The present work aims first to demonstrate the performance of the usually employed computational fluid dynamics (CFD) models in transitional Reynolds conditions to study the stratification benchmark, which represents the main objective of the present analysis. CFD itself is considered a useful tool to clarify the experimental data through the visualization of the flow field.
A ONE-DIMENSIONAL APPROACH TO STRATIFICATION
As previously discussed, a one-dimensional model could represent a practical instrument to elucidate the physics of stratification, the parameters controlling the transient, and the role of conductivity during the process.
As shown by Dhir [6] , let us consider a horizontal pipe in a gravitational field as shown in Fig. 2 . With reference to Fig. 2 , when a small volume of fluid at the inlet increases its temperature due to a linear temperature up-ramp (linear transient), the volume will tend to move upward because of density difference creating two layers of different temperature. Through a balance between the potential and kinetic energy between the hot and cold layer, an additional velocity is created in the system acting in the main flow direction for the hotter layer and in the opposite direction for the colder layer (us in Fig. 2) .
If the heat transfer Q · between the two layers is neglected (hydrodynamic model), the velocity us can be expressed as and from the definition of the Fr number it is clear that in these conditions, for an Fr number small enough, the stratification velocity (us) exceeds the initial velocity condition; therefore, the cold layer moves backwards.
In the above situation, it is obvious that, from the hydrodynamic point of view, there is essentially no limit to the stratification persistence, because the applied temperature at the inlet is not transferred to the colder layer. This is shown in Fig. 3 with the non-dimensional temperature, where Ti is a generic temperature value at (
distance L in the hot layer (Th) or cold layer (Tc). The solid line represents the hot layer temperature, which follows exactly the linear up-ramp with a delay time t0 based on the distance L. Referring to the present case (low Fr number), the temperature in the cold layer does not increase because no heat transfer exists from the inlet or from the hot layer. However, as already underlined, neglecting the heat transferred between the two layers could represent too large an approximation. Therefore, considering the heat transferred (thermal model), the temperature evaluated at distance L inside the domain, will show a smoother profile compared to the linear transient applied. In Fig. 3 a qualitative evaluation of the non-dimensional temperature history of the hot (Th) and cold (Th) layers (faster and slower front respectively) is shown in relation to the time history.
Finally, even though it is only qualitative, this figure shows that after a linear temperature ramp at the inlet, and in particular during transitional Re number conditions, two independent layers might be created; therefore, stratification evaluation in the optic of nuclear reactor safety analysis and in SFRs deserves particular attention.
A Detailed Model Validation
In the further evaluations the CFD code employed will be STAR-CCM+ 5.02.009 [10] . The equations shown in the next chapter will be solved in second-order accuracy in space, and second order advancement in time. The flow is solved as incompressible and the connection between continuity and momentum equations is achieved with Rhie-Chow pressure-velocity coupling combined with the SIMPLE algorithm [10] .
Mathematical Model
In the present work the Navier-Stokes equations are solved in their Reynolds average form (where the angle brackets indicate the ensemble average):
where  uiuj and  θui need closure, and P is written as p + ρ0g(x -x0), where x0 represents the reference altitude located at the domain outlet. The body force introduced by gravity was treated with an equation of state. The mentioned equation is obtained by writing the Taylor series for ρ as a function of T, considering the pressure constant and truncating at the first order. The fluid is treated with variable density, and the density function is introduced in the code as When dealing with flow experiencing streamline curvature, it is fundamental to be able to predict the secondary vortices introduced by velocity gradients. The computation of those phenomena through non-linear eddy viscosity models (NLEVM) was demonstrated [11] to achieve a better prediction of the secondary flows and the overall velocity field in comparison with a full resolution of the complete Reynolds stresses (e.g. RSM). Therefore, in the present work, a non-linear cubic relationship for the Reynolds stresses τij will be employed as shown hereafter:
where Sij is the strain tensor, Ωij is the rotation tensor, and k and ε are scalar variables evaluated through two additional transport equations. The constants in eq. (7) refer to the formulation given in [12] .
The closure of the turbulent heat flux is treated through the isotropic eddy diffusivity model:
where σT represents the turbulent Prandtl number, which is assumed to be constant and equal to 0.9.
The authors of the present work are aware that more accurate modeling of the turbulent heat flux are available which could be more suitable for the present investigation as shown by [13] . Nevertheless we began the present work focusing on the creation of stratification and its persistence in the horizontal region. This region is demonstrated to be stable; therefore, assuming the turbulent heat flux components aligned with the temperature gradient (refer to eq. (8)), it might represent an acceptable approximation for a preliminary evaluation. In the present model, the effect of gravity is not directly introduced inside the Reynolds stresses definition, but it appears in the transport equations for k and ε [10] .
In relation to the above turbulence modeling, it was previously expressed how this is developed and formally applicable inside the range of fully turbulent regimes. This is true both for the turbulence modeling and for the treatment of the region close to the wall. In this optic therefore, if we pursue the employment of URANS equations in a transitional range, we need to enlighten the modeling performance against benchmarks of simpler problems characterizing the central transient, that is, both an isothermal fully developed straight pipe and sharply bent pipe at transitional Re as described in the next two subsections.
Wall Treatment: Fully Developed Pipe at Transitional Re
When dealing with phenomena at low Reynolds numbers, the physical behavior of fluids shows discrepancies in comparison with the well known fully turbulent flows.
In the case of a low-Reynolds-number flow in a fully developed straight pipe for example, the non-dimensional velocity profile confirms discrepancies from the universal law of the wall, whose equations are shown in Fig. 4 . Those results were revealed in the DNS calculations [14] and experimental results [15] , indicating that the velocity distribution has a deviation in the logarithmic region (Fig. 4) . Therefore, it is clear that the employment of models (e.g. wall functions, two-layer [16] and low Reynolds formulation [12] ) which are based on theoretical and experimental analysis of fully turbulent flows is not obvious to provide satisfying results in wall-bounded conditions.
In further analysis, two basic approaches are employed to solve the region close to the wall, namely two-layer (Wolfshtein [16] ) and low-Re as shown by Lien [12] . Simulation was carried out with a three-dimensional pipe of Re = 5,000 for water with periodic conditions. Note that the employment of a low-Re model leads the calculation to a bistable condition. Depending on the turbulence initialization, the flow becomes either turbulent or laminar. In Fig. 4 , only the turbulent data are shown because it is relevant for the study. The results show good agreement with the DNS results.
On the other hand, the two-layer model formulation predicts a turbulent velocity profile with a shape typical of a fully turbulent regime.
Nevertheless, the flow in a bent pipe is not developed, and its evaluation at transitional Reynolds numbers introduces further uncertainties for the modeling which requires a further investigation in isothermal conditions as validation.
Transitional Reynolds Number Flows in Bent Geometries
Bent pipes are an intrinsic characteristic of nuclearreactor piping-system design in relation to the accommodation of thermal stresses during normal and off-normal operations. Due to design constraints, the piping geometry is likely to be characterized by the presence of very sharp bends.
Fluid flow in a sharp bent pipe is demonstrated [17] to introduce a separation region with flow recirculation, which is found to introduce oscillatory behavior in the streamlines and instabilities of the secondary flows. In general, the sharper the bend is, the larger the recirculation region and the greater the instability. While the employment of URANS for fully turbulent flow in bent pipes is able to reproduce such instability [18] , to the best of the authors' knowledge, this has never been demonstrated for transitional Reynolds conditions. Thus, the next validation aims to determine whether the employment of CFD through RANS is able to capture the velocity profile and the introduced oscillations in an isothermal flow during transitional Re in a sharp bend.
The simulation refers to the data published in [19] [20], whose geometry, defined by R/d = 1, is shown in Fig. 5 . The flow Re number is 4900, and the geometrical domain was built with 3d at the inlet and 20d at the outlet. Fully developed velocity profiles, as calculated in chapter 2.3, were applied as inlet conditions for both models.
The results shown in Fig. 6 a) and b) demonstrate that RANS modeling is able to capture the characteristic velocity profiles in the radial and streamwise direction in the region of recirculation (1d from the bend outlet). Fig. 6 a) shows that, while the creation of two peaks of velocity is well predicted, less accuracy is found in the region between the accelerated fluid and the recirculation zone with a general underprediction of the computed results.
It has to be noted, however, that for the low Reynolds formulation on the wall, transient calculation should be employed to achieve an acceptable level of convergence; therefore, the results provided are the time averaged (in Fig. 6 referred to as unsteady results) . This shows that this wall treatment approach is potentially able to compute the oscillations which are detected from experiments and large eddy simulation (LES). However, the computed oscillations affect only a small region at the bend outlet, while the experimental data and LES both show a wider influence in the domain. This limitation can be attributed to the present formulation of the damping functions.
The quantitative results confirm these anticipated doubts. The introduction of the bend makes the results of velocity at one diameter from the bend exit tangent similar between the models, and no influence on the inlet condition is found between them. For this reason, in the next section, the k-ε cubic two-layer model will be employed for the experimental validation.
RESULTS: STRATIFICATION
The objective of the present work is not to demonstrate the entity of thermal stratification in sodium because detailed experiments for pipes with curvature are currently lacking. The aim of this study is to demonstrate the ability of CFD, through URANS modeling, to capture the main phenomena of stratification in water during a transient and detect the source of uncertainty given by the modeling. The complete validation of the phenomenon is vital to drive model improvement so that future results for sodium flow can be achieved with a higher reliability.
In relation to this goal, the experiment previously introduced [7] , whose geometry is shown in Fig. 1 , is studied. At time t = 0 s, a linear positive temperature gradient is applied at the inlet for ∆t = 106 s (nondimensional time ∆t =∆t · -V / D = 7.5). For the geometric discretization, a polyhedral grid has been used with a prismatic layer near the wall boundary as shown in Fig. 7 c) . The computational domain is composed of almost 2,500,000 cells which represent the coarse mesh. A finer domain was created and simulated for what concerns the steady-state isothermal conditions of the flow. Since no appreciable difference was found in the steady-state flow, a coarser mesh was employed for the rest of the calculations.
Horizontal Region
In the simulation, the process of stratification, determined by a low Fr number, shows the hot fluid moving from the top and gradually deposing on the cold layer. This progression shows a high stability (i.e. absence of Kelvin-Helmholtz instability (KHI)). This behavior can be related to the relatively high temperature difference, resulting in a high buoyancy force (referring to eq. (2)) in comparison with the inertial ones. As shown from dynamic instability analysis for 2D domain fluid of different densities, instability is created for Fr > 2; therefore, from a qualitative analysis, the simulation is in agreement with theory and experience. Fig. 8 a) and b) shows the particular of the horizontal region at time t = 212 s (equivalent nondimensional time t = 15), where a stable stratification is created. As previously discussed, this region presents a sharp temperature gradient which divides the flow into two layers of almost constant temperature because of the low thermal conductivity of water, which is also reflected in a clearly defined division of velocity between the two layers. The particular of Fig. 8 b) shows that, at this moment, the velocity in the lower region is directed in the -x direction, which means that, as anticipated, (onedimensional modeling) the two layers are completely independent. This is of great relevance because, together with the lack of KHI, it will make the stratification persist for a long time during the transient. Therefore, the great persistence of stratification is created by the following factors:
• Low heat transfer of the water • No mechanical entrainment in the dividing layer • Velocity inversion in the cold layer The temperature and velocity field at time t = 318 s (nondimensional time t = 22.5) are not shown in this paper because the two fields are essentially the same as the one discussed in Fig. 8 . The only difference is introduced by the presence of the bend which redirects part of the flow against gravity. In these conditions, therefore, we can claim that the persistence of stratification in similar transients is threatened only by the heat transferred between the two layers with the possibility that during such transients this phenomenon in the piping system could assume a high importance and influence.
The results of the experiment show that in the horizontal region from points 3 to 8 the non-dimensional temperature refers to the lowest and highest values, and this indicates the presence of thermal stratification. Calculations demonstrate the ability to reproduce stratification and its persistence. From t = 212 s to t = 318 s, the non-dimensional temperature is not minimally changed, in complete agreement with the experimental data.
This achievement represents an enhancement of the computational results in comparison with the 2D numerical simulation which was performed by the author of the experiment as a validation [7] .
Vertical Region
Note that, in SFRs, after a change in the elevation to enhance the natural circulation, a long horizontal pipe section leads to the intermediate heat exchanger. Therefore, despite the fact that the main objective of the work is to address the flow in the horizontal region, it is necessary to particularly consider the vertical part since it can affect the possible creation of stratification in the zone subsequent to the change in elevation. The evaluation of the temperature distribution in the vertical region, therefore, provides important information on the possibility of stratification creation in a hypothetical horizontal zone which could affect the whole transient in a nuclear power plant.
From Fig. 9 b) and c), it is clear that the prediction in the vertical part of the pipe in both instants of time shows high discrepancies from the experimental data. The experimental data show that the temperature between the hot and cold walls becomes uniform.
Calculations shown in Fig. 9 b) and c) show that the present evaluation cannot reproduce the local values of the temperature on the hot and cold wall even though the general trend is reproduced. Nevertheless, simulations provide further information in comparison to the experimental data. Note that an inversion of temperature between the inner and outer wall appears. This inversion seems to result from the oscillations of the temperature current. Even though comparisons with this finding are not available, similar considerations of sharp bends in isothermal flows suggest that instabilities are introduced and subsequently incremented by the buoyancy term. Fig. 10 demonstrates how the flow in this region shows oscillatory behavior in the x-y plane, which persists in time and which is responsible for the temperature inversion.
Moreover, it should be noted that, in the vertical region, the flow behavior becomes completely threedimensional; therefore, the only evaluation of the symmetry plane might mask some important phenomena of the flow. In Fig. 11 and Fig. 12 gravity introduces an asymmetry of the secondary flows and the related temperature field. The temperature contours (Fig. 11 a) and c)) show the changes in the circumferential location of the density current, clarifying that instability and oscillatory motion experiences a component in the x-z plane also. This phenomenon is magnified in Fig. 12 a) and c). Based on these considerations, another important Fig. 9 a) ); c) and d) Through 11 and 12. conclusion can be drawn. In relation to Fig. 9 , one of the main conclusions of the author of the experiment was that the temperature field reached an almost uniform temperature distribution in the region at the outlet bend tangent. Our results show instead that the introduced oscillations of the flow in the x-z plane can lead to a temperature difference in the direction normal to the symmetry plane. Therefore, it appears obvious that the sole consideration of the temperature distribution on the symmetry plane can fake some important aspects of the phenomena appearing in this region. From the present evaluation, it seems that the density currents survive longer in the domain and longer in time. This is vital in the stratification evaluation for both water and sodium.
Finally, it was already mentioned that an improved turbulent heat flux model could be thought to be more reliable for the present analysis. Even though this improvement is likely to enhance the agreement of the results with the experimental data, this is not thought to substantially affect the flow behavior; rather, it influences the local value of the temperature. In [13] , for example, the employment of a more sophisticated turbulent heat flux model results in a better prediction of the Nusselt number, while the overall prediction of the velocity and temperature field is not strongly affected. These conclusions appear to satisfactorily demonstrate that the presence of vertical pipe does not make the temperature in the x-z plane completely uniform; therefore, the occurrence of thermal stratification is likely to exist further in the piping system.
CONCLUSIONS
Simulation of the flow in a U-bent pipe and related geometries has been carried out using the unsteady Reynolds average Navier Stokes approach.
Because of the characteristics of the flow conditions, the present benchmark required validation of the URANS performance in transitional Reynolds number flows. This study aimed to further our understanding of various phenomena created by the analyzed flow regime and geometry, and has presented a detailed CFD analysis in these circumstances. Even though transitional Re analysis might not be essential in many industrial fields, it is extremely important in the nuclear environment, in particular in relation to safety analysis of SFRs during decay heat removal.
Predictions of stratification creation and persistence in the horizontal region of the hot and cold wall were found to be in good agreement with the experimental values. The creation of a recirculation region (stagnant flow) in the horizontal pipe is a leading factor in the stratification phenomenon influencing its persistence.
Moreover, the presence of an upward bend introduces complicated phenomena, in which buoyancy plays an important role in the onset of instability. Despite the differences between the local temperatures in the vertical direction in comparison with the experimental data, analysis shows some novel results regarding density currents. The longer persistence of the density current and related temperature difference extend the possibility of thermal stratification for the whole piping system in a reactor. Future works should be considered for investigation of different damping functions on the wall and employment of a more general turbulent heat flux definition [13] . The more detailed modeling of the flow would finally lead to a more reliable simulation of similar conditions and geometry with a fluid respecting the properties of sodium (i.e. relatively high heat conductivity).
